Abstract. This study aims to investigate the relationship between structural changes in the retina and white matter in the brain, in early Alzheimer's disease (AD). Twenty-three healthy controls (mean age = 63.4 ± 7.5 years) and seventeen AD patients (mean age = 66.5 ± 6.6 years) were recruited for this study. By combining two imaging techniques-optical coherence tomography and diffusion tensor imaging (DTI)-the association between changes in the thickness of individual retinal layers and white matter dysfunction in early AD was assessed. Retinal layers were segmented, and thickness measurements were obtained for each layer. DTI images were analyzed with a quantitative data-driven approach to evaluating whole-brain diffusion metrics, using tract-based spatial statistics. Diffusion metrics, such as fractional anisotropy, are markers for white matter integrity. Multivariate and partial correlation analyses evaluating the association between individual retinal layers thickness and diffusion metrics were performed. We found that axial diffusivity, indexing axonal integrity, was significantly reduced in AD (p = 0.016, Cohen's d = 1.004) while in the retina, only a marginal trend for significance was found for the outer plexiform layer (p = 0.084, Cohen's d = 0.688). Furthermore, a positive association was found in the AD group between fractional anisotropy and the inner nuclear layer thickness (p < 0.05, r = 0.419, corrected for multiple comparisons by controlling family-wise error rate). Our findings suggest that axonal damage in the brain dominates early on in this condition and shows an association with retinal structural integrity already at initial stages of AD. These findings are consistent with an early axonal degeneration mechanism in AD.
INTRODUCTION
Alzheimer's disease (AD) is a neurodegenerative disorder and the most common form of dementia in older adults. Its incidence increases exponentially with age. Disease hallmarks include plaques, composed of amyloid-␤, and tangles, composed of hyperphosphorylated tau [1] . AD pathology starts much before the clinical manifestations of dementia [2] .
Therefore, there is an urgent need to find biomarkers for different pathological processes involved in 
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this disease, preferentially involving non-invasive techniques. Optical coherence tomography (OCT) is a non-invasive technique for cross-sectional imaging of the internal retinal structure. Since the retina develops as an extension of the central nervous system, it has been previously described as an in vivo window to the brain in some neurodegenerative diseases, including AD [3] . Many AD patients suffer from complex visual problems, and the severity of these deficits correlates with lower scores in clinical dementia rating [4] [5] [6] . Several studies have reported a significant decrease in the mean overall peripapillary retinal nerve fiber layer (RNFL) thickness in patients with AD and also mild cognitive impairment (MCI) [7] , while Kromer and colleagues report a reduction only in the nasal superior sector in mild to moderate stages of AD [8] .
However, other studies have questioned the clinical usefulness of peripapillary RNFL thickness, finding no difference between AD, MCI, and healthy controls [9] . Moreover, no differences were found concerning macular and peripapillary RNFL thickness in earlyonset AD [10] .
Regarding other retinal layers, Cheung and colleagues reported reduced ganglion cell layer (GCL)-inner plexiform layer (IPL) joint thickness in all retinal in all quadrants in AD, with similar results in MCI, suggesting pathological changes in the retina start at early stages of AD [11] .
Although visual deficits in AD patients have been historically attributed to degenerative damage in primary and associative visual cortical areas, these are not easily explained only by visual cortex dysfunction [12] [13] [14] . This may hint at other mechanisms contributing to the general visual problems that occur during AD [15] .
Pathological white matter (WM) changes have been documented in at least 50% of patients with AD postmortem [16] , and recent MRI studies have provided further evidence of WM abnormalities in AD [17, 18] .
Diffusion tensor imaging (DTI) can be used to calculate diffusion metrics-fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (DA)-based on the three diffusion eigenvectors. These indices are indirect and sensitive markers of WM integrity. A recent meta-analysis of DTI in AD revealed that microstructural alterations in WM are widespread throughout the brain in this disease [19] .
However, studies assessing OCT measurements together with other biomarkers of neurodegeneration in AD are scarce [20] . In this study, we aim to investigate the relation between the integrity of individualized retinal layers and WM tract integrity in the AD brain, evaluating these biological and structural changes at the same point in time in patients diagnosed with AD at a relatively early disease stage. We used tract-based spatial statistics (TBSS) in order to assess whole-brain diffusion metrics, and OCT to measure retinal layers' thickness, using spectral-domain OCT and a recent algorithm for semi-automated segmentation of retinal layers [21] [22] [23] .
MATERIALS AND METHODS

Participants
Forty participants were recruited for this study. All participants in the study gave their written informed consent, approved by the Ethics Committee of the University of Coimbra. Participants had no history of ocular diseases and were submitted to a comprehensive ophthalmological examination to guarantee the absence of any visual complication, which comprised visual acuity assessment with Snellen chart, ocular tension (Goldmann applanation tonometer), slit lamp biomicroscopy, and OCT imaging. Only subjects with normal or corrected to normal vision (visual acuity ≥8/10), with refractor error between ± 5 dioptres, with intraocular pressure ≤21 mmHg, and without apparent alterations of the optic disc or macula, were recruited.
The clinical group comprised 17 individuals with early AD diagnosis (less than 2 years) recruited and prospectively evaluated by a neurologist (BS and IS), at the Memory Clinic of the Neurology department of the Centro Hospitalar e Universitário de Coimbra (CHUC). The standard criteria for the diagnosis of AD were the Diagnostic and Statistical Manual of Mental Disorders -fourth edition (DSM-IV-TR) [24] and the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders (NINCDS-ADRDA) [25] .
In order to accomplish these criteria, the diagnostic investigation comprehended a standard clinical evaluation, an extensive cognitive and staging assessment, laboratory tests, imaging studies, and Apolipoprotein E allele genotyping. For this project, we further selected AD patients with a probable diagnosis supported by biological biomarkers (cerebrospinal fluid (CSF) or PiB-PET) and patients in mild stages, according to the global staging scale Clinical Dementia Rating (CDR = 1) [26] . Considering the neuropsychological evaluation, a comprehensive battery was administered, including: Cognitive instruments as the Mini-Mental State Examination (MMSE) with Portuguese normative data [27, 28] , the Montreal Cognitive Assessment (MoCA) [29, 30] , and a comprehensive neuropsychological battery with normative data for the Portuguese population (BLAD) [31] exploring memory and other cognitive domains.
MRI was considered to support AD diagnosis whenever a dominant pattern of hippocampal and/or posterior parieto-temporal atrophy was present, using visual rating scores. Volumetric analysis is also available but not used for diagnosis in this investigation. CSF samples were collected after a fasting and resting period of 8 h. Pre-analytical and analytical procedures were done in accordance with previously proposed protocols [32] .
Briefly, CSF samples were collected in sterile polypropylene tubes, immediately centrifuged at 1,800 g for 10 min at 4 • C, aliquoted into polypropylene tubes and stored at -80 • C until analysis. CSF A␤ , A␤ , tau, and pTau181 were measured in duplicate, by commercially available sandwich ELISAs (Innotest, Innogenetics/Fujirebio, Ghent, Belgium), as previously described [33] . External quality control of the measurements was performed under the quality control scheme of the Alzheimer's Association Quality Control Program for CSF Biomarkers [34] . CSF biomarkers were classified as normal/abnormal according to previously reported laboratory reference values [35] . Briefly, we used CSF samples (n = 35) from neurological controls (10 male, 25 female; age = 57.3 ± 11.9 years). Most of these individuals suffered from acute or chronic headaches, and a lumbar puncture was performed as part of their routine diagnostic evaluation in order to exclude bleeding or inflammation; in some cases this procedure was considered in the investigation of a peripheral polineuropathy. In both cases, the CSF cytochemical evaluation was normal and a major CNS disease excluded. They had no subjective cognitive complaints and were independent in their instrumental daily life activities, and most of them were still professionally active. The cut-off values used in our laboratory, and applied in this work, were: 580 pg/mL for A␤ , 0.068 for A␤ 42 / A␤ 40 , 250 pg/mL for tau, and 37 pg/mL for pTau181 (Table 1) .
We considered that patients had to be in a stable condition, without acute significant events or recent/undergoing changes in medication, and we defined as exclusion criteria ophthalmological comorbidities or neurological/psychiatric conditions other than AD, or MRI demonstration of significant vascular burden (large cortico-subcortical infarct; extensive subcortical WM lesions superior to 25%; uni-or bilateral thalamic lacune; lacune in head of caudate nucleus; more than 2 lacunes) [36] .
The collected data included age, gender, visual acuity, MoCA [29] , and CDR [37] . Given that we required normal or near normal visual acuity (>0.8) and intraocular pressure data on these measures reflect such stringent inclusion criteria. Visual acuity data were as follows: AD patients: 0.90 ± 0.22 SEM; Controls:= 0.96 ± 0.17 SEM. Intraocular pressure were as follows (below the cutoff or 21 mmHg): 16.2 ± 1.1; Controls:= 14 ± 0.53.
The control group was composed of age-and gender-matched individuals from the community, with no history of cognitive deterioration, neurological or acquired CNS disorders, traumatic brain injury, or psychiatric disorders. The controls were also screened for retinopathies or retina injuries secondary to other factors and severe visual or auditory impairment. They were not subject to medication that could interfere with the study nor had previous or current alcohol abuse or other substance abuse, or other conditions that could preclude MRI.
The control group was also submitted to a brief cognitive assessment to exclude the presence of cognitive impairment. Therefore, the individuals in the control group had no significant memory complaints (assessed by an SMC scale), a normal general cognitive function (assessed by MoCA), preserved daily living activities (assessed by Lawton & Brody scale), and no evidence of depressive symptoms (measured by Geriatric Depression Scale).
Medical history of healthy controls was obtained by an interview preceding assessment. Visual acuity testing was performed monocularly in all participants, using the Snellen acuity chart.
MRI acquisition
All MRI acquisitions were performed on a 3 Tesla Siemens Magnetom TrioTim scanner (Erlangen, Germany) at the Institute of Nuclear Sciences Applied to Health (ICNAS) using a 12-channel birdcage head coil.
One high-resolution T1-weighted three-dimensional Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) was acquired, with repetition time (TR)/echo time (TE)/inversion time (TI)/ flip angle = 2530 ms/3.42 ms/1100 ms/7 • , a FOV (field of view) of 256 × 256 mm with a matrix size of 256 × 256, 176 sagittal slices with voxel resolution 1.0 × 1.0 × 3.0 mm 3 and a total time of acquisition (TA) = 6 min 3 s.
The DTI sequence had TR/TE/number of excitations (NEX) = 7800 ms/90 ms/1; matrix, 96 × 96 × 63 contiguous axial slices; isotropic voxel resolution of 2 × 2 × 2 mm 3 ; bandwidth of 1628 Hz/pixel and echo spacing of 0.72 ms. The diffusion tensor was acquired along 63 non-collinear directions (b = 1000 s/mm 2 ), with one scan without diffusion weighting (b = 0 s/mm 2 , b0). Generalized autocalibrating partially parallel acquisitions (GRAPPA) were used to reduce the scanning time to around 9 min.
MRI analysis
DTI images were processed using Oxford University's FMRIB Software Library (FSL, http://www. fmrib.ox.ac.uk/fsl) version 5.0.9, on a Linux-based platform, following the TBSS pipeline. TBSS is a whole-brain, automated and observer-independent method that allows for statistically powerful analyses [38] .
Initially, eddy current distortions (induced by the alternating magnetic field) and motion artifacts were corrected, and extracerebral tissue was removed. Diffusion tensors were fitted to each voxel, and quantitative measures of FA, MD, RD, and DA were derived voxel-wise for each participant.
The FA images were then non-linearly registered to a 1×1 × 1 mm 3 standard space image (FMRIB58 FA) and averaged. A threshold of FA >0.2 was applied to the resulting mean FA image when creating the thinned mean FA skeleton, to exclude non-WM voxels. The remaining diffusion metrics data were processed similarly, using the nonlinear warps and skeleton projections attained during the FA processing steps.
OCT acquisition and analysis
Retinal macular scans were acquired with spectral domain OCT. In this work, the Cirrus HD-OCT system (Carl Zeiss Meditec, Dublin, CA, USA) and the 512 × 128 Macular Cube Protocol (128 B-scans composed of 512 A-scans each) were used. Frame averaging is not available within this system. Data were analyzed using the Iowa Reference Algorithm software, version 4.0.0 (Retinal Image Analysis Lab, Iowa Institute for Biomedical Imaging, Iowa City, IA) [21] [22] [23] . This software allows for reliable segmentation of the following retinal layers: RNFL, GCL, IPL, inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), inner segment/outer segment junction, outer segment, outer photoreceptor, subretinal virtual space, and retinal pigment epithelium.
We focused on the individual layers from RNFL to ONL for this study (Fig. 1) . The thickness of each layer was calculated as the average of the whole macular area, and the average of both eyes was considered for the analyses.
Following the segmentation process, all scans and layers were verified by one of the authors (LJ). Manual corrections were made whenever a clear algorithm failure was identified.
[ 11 C]-Pittsburgh Compound B (PiB) PET acquisition
A Philips Gemini GXL PET/CT scanner (Philips Medical Systems, Best, the Netherlands) was used to perform a dynamic 3-dimensional PET [ 11 C]-PiB scan of the entire brain (90 slices, 2 mm slice sampling) and a low-dose brain CT scan, for attenuation correction.
PET
PET data were reconstructed using a LOR-RAMLA algorithm, with attenuation and scatter correction.
All images were spatially normalized to the Montreal Neurological Institute (MNI) template. The SUVR was computed at voxel level for all images, considering the cerebellum as the reference region using a homemade software and visual analysis was performed with a fixed reference scale of 2.5. An experienced nuclear medicine medical doctor rated these images with emphasis to frontal cortex, parietal/precuneus cortex, temporal cortex, anterior and posterior cingulate cortex, basal ganglia, and occipital cortex (which SUVR values were also as features for a machine learning algorithm, which as used to help provide computer assisted diagnosis).
Statistical analysis
Group comparisons were performed using the t-test for unpaired samples or the nonparametric Mann-Whitney test, when applicable. A Chi-Square test was used for comparing categorical variables. Normality was previously assessed using the Shapiro-Wilk test for small sample sizes.
A power analysis indicated that sample sizes of ∼20 participants per group would be sufficient to detect a significant difference in at least one of the main between-group parameters with a power of 0.80 and an alpha of 0.05, considering an effect size of 0.91.
Statistical testing was performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). The tests were performed two-tailed and p < 0.05 was used as a threshold for statistical significance.
Regarding the TBSS analysis, voxel-wise statistics for each mean FA skeleton voxel were calculated using FSL's randomize, which combines permutation test theory and a general linear model design matrix. Partial correlation analyses were thus performed between retinal layers' thickness and diffusion metrics for the AD and HC (Healthy Control) groups, treating age as a covariate of no interest [39] .
A total of 5000 permutations were used with Threshold-Free Cluster Enhancement fully corrected for multiple comparisons by controlling for familywise error (FWE) rates [40] .
The skeletal regions with significant results were labelled anatomically by mapping the TBSS FWEcorrected statistical maps to the JHU-ICBM-DTI-81 WM atlas, containing a total of 48 WM tract labels [41] . The tracts were dilated by using the "tbss fill" command in FSL to enhance visualization of the results.
RESULTS
Group differences in demographic, clinical, DTI and OCT data
Age and gender were matched between all participants. MoCA assessment results were significantly different between groups, as expected. Every patient had a CDR of 1, being affected by mild dementia (Table 2) .
Regarding DTI metrics, only DA (axial diffusivity) was significantly decreased in the AD group (p = 0.016, Cohen's d = 1.004) ( Table 3) . A post hoc regional analysis was also performed for this metric (Supplementary Table 2 ).
There were no significant differences between the retinal layers thickness in both groups (Supplementary Table 1 ). There was, however, a trend towards significance regarding the OPL layer (p = 0.084).
Partial correlations between diffusion metrics and thickness of retinal layers
To investigate the relationship between the retina and WM tract integrity in the brain, we conducted a partial correlation analysis for the AD group, between 728 OCT and DTI data. No relation could be found between MD, RD, and DA and the thickness of the retinal layers (data not shown). However, TBSS analysis showed a positive association between the thickness of the INL and FA, in AD. This correlation was observed both in tracts associated with the visual system (optic radiation, splenium of the corpus callosum) and other regions as well (Fig. 2, Table 4 ). However, at over 25% of the spatial extent of correlation between FA and INL, we find the body and splenium of the corpus callosum, the corona radiata, the posterior thalamic radiation (which includes the optic radiation), the tapetum and the retrolenticular part of the internal capsule, including most of the fibers associated with the visual system.
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No correlation was found for the control group, for any layer or diffusion metric (data not shown). 
DISCUSSION
To our knowledge, this is the first study to simultaneously investigate macular retinal atrophy and WM tract integrity in early AD and their interplay. In order to detect possible alterations in the retina and brain in an initial stage of AD, only recently diagnosed patients with mild dementia were considered for our study.
Regarding the diffusion metrics, we chose to go beyond the more common FA and MD analysis since more elusive orientation dependent behaviors missed by FA can be discovered by considering the primary components of MD-DA and RD. The lack of sensitivity of FA in earlier stages of the AD has been previously reported [42] . DTI-based DA measures water diffusion parallel to axons and is a marker of axonal integrity, while RD assesses water diffusion perpendicular to fibers, related to myelin changes [43, 44] . We found a decrease in whole-brain DA in our early AD patients' cohort (p = 0.016, Cohen's d = 1.004), while other diffusion metrics remained unchanged. This is consistent with the notion that DA changes are one of the first abnormalities to appear in early stages of AD, preceding changes in FA and RD. Although the underlying mechanisms are still unclear, an early DA change in AD has been proposed to capture an upstream event to axonal degeneration, while processes more directly related to neuronal loss might influence RD and FA changes. A hypothesis for a possible upstream event could be inflammatory change and associated microglial activation, prevalent in AD [45] . Neuroinflammation is a known contributor to the pathogenesis of AD. Analysis of clinical manifestations that precede AD suggest an early and substantial involvement of inflammation in the development of the disease [46] . However, we have found a significant decrease in DA, while other literature in AD reports an increase. A DA decrease with no alteration of RD has been associated with axonal degeneration with no detectable demyelination [47, 48] .
In AD, deposition of amyloid and abnormal phosphorylation of tau protein are primary processes behind neuronal degeneration. In a study assessing the relationship between WM structural integrity measured with DTI and AD-related CSF biomarkers, t-tau and t-tau/A␤ 42 correlated with indices of brain microstructure (MD, RD, and DA) in healthy adults with elevated risk of developing AD [44] . This suggests early pathological changes in AD happen in WM and can be detected by DTI.
No alteration was found in the retina at this stage of the disease, for any of the layers considered for this study. Only a marginally significant decrease was found for the OPL (Supplementary Table 1 ). In the literature, most OCT studies in AD indicate a significant decline in peripapillary (not macular) RNFL in all quadrants [14, 20] and overall macular thickness [20] , while a study by [11] reported macular GCL-IPL reduction. However, no other explicitly segmented retinal layers have been investigated. Furthermore, most of these studies have been conducted in patients in later stages of the disease, in mild to moderate or severe AD stages. Considering the degenerative nature of this disease, it would be expected that at higher severity stages the structural integrity of the retina would be more affected, as reported previously by [49] . Thus, since our cohort consists solely of recently diagnosed patients in a mild stage of AD, this might explain why no overt alteration was seen in the retina, as well as the distinct cortical changes in DA. Other possible explanations to this finding include the possible presence of very early AD cases, the relatively small group size considered, or issues with the segmentation analysis or OCT acquisition.
Nevertheless, we found evidence that the retina already mirrors the brain status in early AD, since we found a significant correlation between FA and the INL thickness (Fig. 2, Table 4) . Thus, the INL thickness might reflect WM tract dysfunction. This relationship was found to extend beyond the visual system, mirroring whole-brain WM (Table 4) . Importantly, at over 25% of spatial extent of correlation, we find the splenium of the corpus callosum, the corona radiata, the posterior thalamic radiation including the optical radiation, and the retro lenticular part of the internal capsule-fibers associated with the visual system.
Since INL and RNFL correspond respectively to cell bodies and their fibers, one would expect to find a similar relation between them. However, no correlation was found between any DTI metrics and RNFL. This could be explained by lower SNR at the RNFL level, precluding detection of a significant correlation.
Learning the sequence of events in AD would be very important in understanding its pathogenesis. Our findings provide further insight into the interplay of different biomarkers of the disease at rather early stages, when mean changes are quite subtle. The eye, being an extension of the brain, shares functional building blocks in the form of neurons and axons, as well as common degenerative processes [3] . These retinocortical connections suggest that direct or indirect retrograde or anterograde degeneration mechanisms [50] should be investigated in future research.
In the present study, we have captured a "snapshot" of an early stage of AD. Based both on our results and on the current literature, we hypothesize the following cascade of events: 1) in an initial stage of the disease, the loss of WM integrity in the brain is related mainly to axonal loss (indexed by axial diffusivity). Its underlying cause, namely possible neuroinflammation [45] needs to be explored in future studies. The relation found between FA and INL is also intriguing and suggests concomitant retinocortical changes. 2) With the subsequent cascade of pathological events in AD and at later stages of the disease, RD in the brain increases as demyelination occurs [42] and other inner retinal layers are also progressively affected [49] .
It is important to note that within the human CNS, pathologic inflammatory changes from the acute to the chronic stage result in DA becoming less informative over time [51] . The pathological changes occurring in microglia may defectively alter neural integrity and affect both DA and RD. Therefore, on later stages of the disease, other biomarkers of inflammation based on PET and MR spectroscopy may become useful in this context.
One of the limitations of our study is the small sample investigated. Furthermore, being a cross-sectional study, the dynamics of the interaction between retinal changes and WM dysfunction warrants additional investigation in longitudinal studies, from early AD up to more advanced disease stages.
By only selecting patients with good vision, we may have introduced a conservative bias to the study. By doing so, we aimed at ensuring that cortical changes were not simply a consequence of decreased visual acuity or peripheral visual loss. Although acuity is not critical in the retina periphery, visual contrast sensitivity may still be affected. Since overt visual loss is generally due to retinal causes and we aimed at studying early AD stages, this strategy might have led to a conservative approach, while a more liberal strategy, including patients with overt visual loss might have decreased specificity of findings.
